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Abstract
Stress transfer has been investigated for exfoliated hexagonal boron nitride (hBN) nanosheets
(BNNSs) through the use of Raman spectroscopy. Single BNNSs of different thicknesses of up to
100 nm (300 layers) were deposited upon a poly(methyl methacrylate) (PMMA) substrate and
deformed in unixial tension. The Raman spectra from the BNNSs were relatively weak compared
to graphene, but the in-plane E2g Raman mode (the G band) could be distinguished from the
spectrum of the PMMA substrate. It was found that G band down-shifted during tensile
deformation and that the rate of band shift per unit strain decreased as the thickness of the BNNSs
increased, as is found for multi-layer graphene. The efficiency of internal stress transfer between
the different hBN layers was found to be of the order of 99% compared to 60%–80% for graphene,
as a result of the stronger bonding between the hBN layers in the BNNSs. The reduction in
bandshift rate can be related to the effective Young’s modulus of the 2D material in a
nanocomposites and the findings show that it would be expected that even 100 layer BNNSs should
have a Young’s modulus of more than half that of hBN monolayer. Interfacial stress transfer
between a single hBN nanosheet and the PMMA substrate has been evaluated using shear lag
theory. It is found that the interfacial shear stress between the BNNS and the substrate is of the
order of 10 MPa, a factor of around 4 higher than that for a graphene monolayer. These findings
imply that BNNSs should give better mechanical reinforcement than graphene in polymer-based
nanocomposites as a result of good internal interlayer stress transfer within the nanosheets and
better interfacial stress transfer to the polymer matrix.
1. Introduction
Since the successful exfoliation of graphene [1],
ultrathin two-dimensional (2D) materials with excel-
lent but diversemechanical, optical, thermal and elec-
tronic properties [2, 3], have attracted worldwide
attention. Just a few months after the isolation of
graphene, there was the first report [4] of successfully
exfoliating nanometre-thick 2D hexagonal boron
nitride (hBN) nanosheets (BNNSs). Compared with
their carbon analogue, BNNSs exhibit superior oxid-
ation resistance [5] and chemical and thermal sta-
bility [6, 7]. In addition, the reduced electron-
delocalization in the B–N π bonds leads to a large
∼6 eV band gap [8], making BNNSs both electrically
insulating and optically transparent [9]. The excep-
tional thermal and electrical properties of BNNSs
suggest that they have potential applications in vari-
ous fields, such as nanofillers for polymer nanocom-
posites [10, 11] and researchers on BNNS/polymer
composites have concentrated principally upon the
modification of the thermal conductivity and insu-
lating properties by the addition of BNNNs [12–16].
Mechanical reinforcement has, in contrast, been less
well studied. Pioneering work upon the mechanical
reinforcement of polymers with BNNSs was carried
out in 2009 [17] in which BNNSs were exfoliated
using a liquid exfoliation-centrifugation technique.
The as-prepared BNNSs were added into poly(methyl
methacrylate) (PMMA) and an improvement in the
Young’smodulus and increase of tensile strength were
achieved. Reinforcement of poly(vinyl alcohol) by
BNNSs was then reported by Khan et al [18] who also
found improvements inmechanical properties. Other
© 2021 The Author(s). Published by IOP Publishing Ltd
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studies have reported increases in Young’s modulus
and tensile strength upon the addition of BNNS for
both polycarbonate [19] and polyethylene [20].
Although BNNSs have been investigated for
mechanical reinforcement for a number of years, it
is only recently that their fundamental mechanical
properties have been studied systematically [21]. The-
oretical calculations predicted a high Young’s mod-
ulus and fracture strength of monolayer hBN to
be in the ranges 0.72–0.98 TPa and 68–215 GPa,
respectively [22–26], values close to the experimental
ones for monolayer (1L) graphene (∼1 TPa and
70–130 GPa) [27]. Earlier, Song et al [22] has repor-
ted a modulus of 0.33 ± 0.02 TPa and fracture
strength of 26.3 GPa for their chemical-vapour-
deposition (CVD)-grown bilayer (2L) BNNSs, much
lower than the predicted values. Their poor mech-
anical properties were attributed to the presence of
defects and grain boundaries [28, 29]. Another study
[30], however, reported a higher measured Young’s
modulus of 1.16 ± 0.1 TPa for a CVD-grown BNNS
with ∼45 layers. Considering the variable quality of
CVD-grown BNNSs and the consequences for their
intrinsic strength, Falin et al [21] undertook the
first systematic measurements upon mechanically-
exfoliated BNNSs with different numbers of layers.
By using atomic force microscope (AFM) nanoin-
dentation [27], the Young’s modulus of exfoliated
single-crystalline 1L, 2L, 3L hBN was measured to be
0.87 ± 0.07 TPa, 0.88 ± 0.06 TPa, 0.81 ± 0.04 TPa,
with breaking strengths of from one to three layers is
70.5 ± 5.5, 68.0 ± 6.8, 76.9 ± 2.3 GPa respectively.
Such impressive mechanical properties make BNNSs
amongst the strongest insulators. More importantly,
this work also revealed that interlayer bonding within
BNNSs appears to be much stronger than in the case
of multi-layer graphene. The Young’s modulus and
strength of graphene decrease rapidly with increas-
ing thickness. Both properties remain almost con-
stant for BNNSs when the number of layers increases
from one to nine. Hence multilayer BNNSs are pre-
dicted to show different mechanical behaviour to
graphene in nanocomposites as a result of the strict
AA’ stacking order and strong ‘lip-lip’ interaction
between adjacent layers [31–33]. On the other hand,
the level of layer–layer stress transfer efficiency of
BNNSs during deformation is, to our knowledge, yet
to be quantified.
As summarized in a recent review [34], previous
work upon graphene-reinforced nanocomposites has
shown that many aspects of 2D materials affect their
ability to reinforce nanocomposites. We have shown
that Raman spectroscopy can be employed to invest-
igate the dispersion [35, 36], orientation [37, 38],
interface with polymer matrices [39], flake size and
layer–layer interactions [40, 41] etc for graphene-
related materials and evaluate their effects on the
mechanical reinforcement of nanocomposites. There
are a few reports of using Raman-spectroscopy to
study the mechanical behaviour of BNNSs. Cai et al
[42] heated then cooled exfoliated different BNNSs
on a SiO2/Si wafer and found different degrees of
blue shift for the in-plane E2g Ramanmode (normally
denoted as the ‘G band’) of BNNSs for different sheet
thicknesses. Androulidakis et al [43] reported the first
measurement of uniaxial strain-induced Raman band
shifts for 2L–4L BNNSs. They exfoliated the BNNSs
from a bulk BN single crystal and transferred themon
a SU-8/PMMA substrate. The polymer substrate was
then stretched uniaxially. Although the Raman signal
of BNNSs on the polymer substrate is very weak due
to the wide band gap of hBN, both a shift to lower
frequency and band splitting with increasing tensile
strain were observed for the G band of the BNNSs at
∼1368 cm−1. It was found that the shift of G band
frequency generally showed a linear relationship with
applied strain at low strain but become irregularwhen
the strain was higher than∼0.3%, suggesting a relat-
ively poor interfacial interaction between the BNNSs
and the polymer substrate. In addition, the G band
shift rates was almost constant when the number of
layers increased from two to four, again demonstrat-
ing strong layer–layer bonding within the BNNSs.
Previous work on exfoliated monolayer graphene
has demonstrated that the effective Young’s modu-
lus (Eeff) of 2D materials in nanocomposites is con-
trolled by both their intrinsic modulus and the layer–
layer stress transfer efficiency of the 2Dmaterials [41].
Additionally it was shown that the lateral dimen-
sions of a 2D material control stress transfer between
the material and the polymer matrix thereby affect-
ing their ability to reinforce polymers [40]. In this
present study we have employed Raman spectroscopy
to investigate the effect of both the BNNS thickness




For mechanical exfoliation, large commercial hBN
single crystals were purchased from HQ Graphene
and used as received. The single crystals were exfoli-
atedmechanically and the flakes transferred using the
standard tape cleavage technique [44]. The BNNSs
were exfoliated using blue adhesive tape (NittoDenko
Corporation) and deposited directly on the centre
of a rectangular PMMA beam with no top coat
applied, as illustrated in figure S1 (available online
at stacks.iop.org/2DM/8/035058/mmedia) in the sup-
plementary information.
2.2. Characterization
The BNNSs on the PMMA beams were identified and
characterized using the Zeiss optical microscope on a
Horiba LabRAM Evolution HR spectrometer with a
50× lens. The thickness of the BNNSs on the beams
was measured using a Nanowizard AFM (JPK Instru-
ments) operated in the QI mode.
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Figure 1. (a) Optical micrograph and (b), (c) AFM images of three marked spots on the two BNNS flakes. (d)–(f) The height
profiles correspond to the three solid lines in (b), (c). (g) Raman spectra of the three marked spots on the BNNSs. (h)–(j) Raman
spectra of the three marked spots on the BNNSs before and after up to 0.24% tensile strain was applied. (k) The position of
Raman G band as a function of tensile strain for the three marked spots on the BNNSs.
2.3. In situ Raman deformation studies
The Horiba LabRAM Evolution HR spectrometer
equipped with 488 nm sapphire laser was used for the
analysis of the mechanically-exfoliated BNNSs. The
in-situ Raman deformation analysis was conducted
by inserting the BNNS-loaded PMMA beams into a
four-point-bending rig fixed on the Raman micro-
scope stage. A resistance strain gauge was used on the
PMMA beam surface to monitor the strain applied
on the PMMA substrate. The beams were deformed
up to 0.4% strain in ∼0.04% intervals and Raman
spectra were collected and peak fitted at each strain
level. The exposure time for each Raman scanwas 20 s
with a power output∼1.3 mW and a laser spot size of
∼2 µmusing a 50× objective lens. Themost promin-
ent Raman band of hBN is the E2gmodewhich origin-
ates from in-plane atomic displacement and is equi-
valent to the G band of graphene [45]. Raman line
mapping was undertaken using a 100× objective lens.
3. Results and discussion
3.1. Strain-induced Raman band shifts
Figure 1 gives the result of in-situ Raman deforma-
tion studies of two BNNSs transferred onto a PMMA
beam. An incremental strain up to 0.4% was applied
parallel to the long axis of the BNNSs as shown in
figure 1(a). The Raman spectra obtained at three dif-
ferent spots (marked and denoted as spots 1–3 in
figure 1(a)) were recorded simultaneously at each
strain level. As shown in figures 1(d)–(f). The meas-
ured thickness of the BNNSs at each spot 1–3 is
10.0, 8.8 and 20.0 nm, respectively. The correspond-
ing spectra obtained under similar conditions at each
spot are shown in figure 1(g) and it can be seen that
spot 3, from the thickest BNNS, exhibits the strongest
hBN G band.
It can be seen in figures 1(h)–(j) that the G bands
of the Raman spectra collected at the three spots all
shifted to lower wavenumber under the application of
tensile strain. Figure 1(k) shows that there was a linear
downshift to lower frequency up to∼0.2% strain and
the derived shift rates in the low strain region for spots
1–3 are −8.1 ± 1.6 cm−1/%, −9.4 ± 0.6 cm−1/%,
−7.7 ± 0.9 cm−1/%, respectively. These measure-
ments show that the shift rate drops slightly as the
thickness of the BNNSs increases from 8.8 to 20 nm.
This suggests that, unlike few-layer graphene, where
there is a significant decrease in shift rate (per% stain)
with increasing flake thickness due to easy inter-layer
sliding [41], the layer–layer interaction inside the
BNNSs is relatively strong [21, 43]. These rates of G-
band shift are similar to those reported in an earlier
study upon the deformation of exfoliated BNNSs on a
PMMA substrate [43]. We sometimes observed some
broadening G-band as shown in figure S2 in the sup-
plementary information but did not, however, see any
band splitting, possibly as the result of the low levels
of applied strain used in our study.
It can also be observed in figure 1(k) that the
downshift of the three spots reduces when the strain
exceeds∼0.2%, indicating possible BNNS slippage on
the substrate at a relatively low strain. This implies
that surface modification of pristine BNNSs may be
necessary to ensure their interfacial adhesion with a
polymer matrix in order to realize good reinforce-
ment, as reported in a recent study upon hBN nan-
otubes in nanocomposites [46].
3
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Figure 2. Raman G band shift rate of BNNSs as a function
of number of layers. The curve is equation (1) plotted using
a value of (dωG/dε)reference of−11 cm−1/% strain.
3.2. Interlayer stress transfer
To investigate further the effect of the number of
layers, we exfoliated more BNNSs and studied their
Raman G band shift rates as a function of thick-
ness (see table S1 in the supplementary informa-
tion). The highest downshift rate (−11.9 cm−1/%)
was found for a hBN nanosheet of 9.4 nm thick-
ness (28 layers, assuming an individual layer thick-
ness of 0.333 nm [47]), and the shift rate was found to
gradually decrease with an increasing number of lay-
ers eventually dropping to ∼ −2 cm−1/% when the
thickness increased to∼100 nm (300 layers). The data
in table S1 in the supplementary information are plot-
ted in figure 2. They are fitted to the equation for the
effect of the number of layers upon the Raman band






whereN is the number of layers and k is the interlayer
transfer efficiency. The parameter (dωG/dε)reference is
the reference G band shift rate for monolayer hBN
(N = 1). Fitting equation (1) to the data in figure 2
gives a value of −11 cm−1/% for (dωG/dε)reference
and an interlayer transfer efficiency k of ∼0.99
(i.e. 99% efficient). This is much higher than the
stress transfer efficiency determined for few-layer
graphene (0.6–0.8) [41]. Most of the measurements
in figure 2 were taken during deformation from a
region approximately the middle of the BNNS. It will
be shown below that the strain will vary with position
on the flakewhichmight account for some of the scat-
ter of the data in figure 2.
The evaluation of the parameter k can also be used
to predict the dependence of the Young’s modulus of
a 2D material in a nanocomposite upon the number
of layers, N. In the case of 2D materials laid on the
surface of the polymer beamwithout any top coating,
such as in this present study, the effectivemodulus Eeff





where E2D material is the Young’s modulus of the 2D
material monolayer. A value of k = 0.99 means that
Eeff will only fall to half of the monolayer value for
100-layer BNNS (N = 100). This can be contrasted
with the behaviour of multilayer graphene for which
k is in the range of 0.6–0.8. Its modulus falls rapidly
to half the monolayer value for N = 5 when k ∼ 0.7.
Hence it appears that it is less important to achieve
a high degree of exfoliation to very thin nanosheets,
when using hBN in nanocomposites, than in the case
of graphite and graphene.
3.3. Grüneisen parameter
It is also possible to determine the Grüneisen para-





The Raman frequency of the G band (ω0G)
is 1366 cm−1 and the Poissons ratio of the
PMMA matrix v = 0.35 [43, 48]. Setting
∆ωG/ε= (dωG/dε)reference, the value of the Grüneisen
parameter γG of the BNNS is calculated to be 1.24.
This value is close to the value of γG = 1.34± 0.72 we
found for hBN nanotubes in our previous study [46]
and the value of ∼1.04 reported by Androulidakis
et al [43] for BNNSs with >10 layers.
3.4. Strain mapping
Our previous work on 1L graphene [40] has demon-
strated that it is possible to monitor stress transfer
from a substrate to the flake of a 2D material by
mapping the strain along the flake. Figures 3(a) and
(b) shows a hBN nanosheet of 11 µm length and
17 nm (figure 1(c)) in thickness deformed in ten-
sion parallel to its axis. To improve the spatial res-
olution of the linear strain mapping, an objective
lens with the highest resolution (×100) was used to
minimize the laser spot size to ∼1.5 µm. Thus an
intense G band for the BN nanosheet can be seen
in figure 3(d). Figure 3(e) shows the Raman spectra
obtained from the middle of the nanosheet (marked
by a black square in figure 3(b)) before and after 0.2%
strain was applied. It can be seen that the G band
clearly shifts to lower frequency and broadens after
deformation. The broadening a result of band split-
ting [43] but the band has for simplicity been fitted
to a single peak in this present study. As shown in
figure 3(f), there is a linear red shift of the G band
with stepwise straining up to 0.15%. The shift stops
at 0.2% strain and eventually became irregular when
a higher tensile strain was applied.
4
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Figure 3. (a) Optical micrograph and (b) AFM image of the hBN nanosheet (outlined in (a)) used for linear Raman strain
mapping (the black square in (b) marks the spectra collection position for (d)–(f)). (c) The AFM height profile corresponding to
the solid red line in (b). (d) Raman spectrum of the hBN nanosheet. (e) Raman spectra of the BNNS obtained before and after a
0.2% tensile strain was applied. (f) The position of G band position as a function of tensile strain. (The error bars are the standard
deviations of five measurements taken at the same position). Distribution of strain in the hBN nanosheet in the direction of the
tensile axis along the solid line in (b) at: (g) 0.05%, 0.1% strain, (h) 0.15% strain and (i) 0.30% strain.
The RamanGband positionwasmonitored along
the solid line in figure 3(b) in 1 µm steps. Figure 3(g)
shows the variation of axial strain across the BNNSs
flake when a low strain (⩽0.1%) was applied to
PMMA substrate. It can be seen that the strain builds
up from the two edges and becomes constant along
the middle of the nanosheet where the strain in the
flake equals to the applied matrix strain. This is ana-
logous to what we observed for the strain distribu-
tion of a polymer-sandwiched graphene monolayer
under relatively low strain (<0.4%) [40] for which
there was good bonding between 2D material and
polymer matrix. This behaviour can be analysed by
the well-established shear-lag theory [49, 50] where
it is assumed that the elastic stress is transferred from
thematrix to the reinforcement through a shear stress
at 2D material/polymer interface. The variation of




















and εm is the applied matrix strain, s is the aspect
ratio of the BNNS, x represents the position in the
flake, l is the length of the flake, Gm is the matrix
shear modulus, EBNNS is the Young’s modulus of the
2D material, t is the thickness of the BNNS and T is
the thickness of polymermatrix. The parameter n has
been widely accepted as a parameter for evaluating
the interfacial stress transfer efficiency. The dashed
line in figure 3(g) is a reasonable fit of equation (4)
to the Raman mapping results using ns ≈ 10. The
aspect ratio for the hBN nanosheet in figure 3 is
s= 10 µm/17 nm≈ 590. Since for this BNNS, ns= 10
and so n = 0.017. This value of n is some 30× larger
that the value of n= 6× 10−4 determined for a sand-
wiched graphene monolayer on a polymer substrate
[40]. The higher value of n implies that better stress
transfer can be expected between BNNSs and a poly-
mer matrix than for graphene, presumably a result of
the more polar nature of the bonding in hBN.
It can be seen in figure 3(g) that the strain rises
to about 90% of the plateau value over about 3 µm
from the edge, suggesting the critical length lc of the
few-layer BNNS reinforcement of the order of 6 µm.
The value of critical length determined for mono-
layer graphene using a similar approach is ∼3 µm
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[40], but it should be noted that the BNNS flake in
figure 3 is 17 nm thick. Hence the critical aspect ratio,
sc, for this 50-layer BNNS is ∼350 compared with
a value of around 104 (≈3 µm/0.35 nm) for mono-
layer graphene. This is further indication that BNNSs
should give good reinforcement in nanocomposites
at lower levels of exfoliation than for graphene. The
importance of the aspect ratio upon stress transfer is
highlighted in figure S3 of the supplementary inform-
ation. This shows that a 4 µm long and 20 nm thick
(aspect ratio, s∼ 200) BNNS has a lower Raman band
shift rate than a thicker (54 nm) BNNS for which
s > 350.
For a well-bonded 2D BNNS/polymer interface,





The Young’s modulus of a 17 nm thick hBN
nanosheet without a top coating can be calculated
using equation (2). It is found that the effective mod-
ulus of BNNSs drops from 0.87 TPa (modulus of
1L BNNS [21]) to ∼0.60 TPa when the thickness
increases to 17 nm (∼50 layers). Hence the max-
imum value of τ i at the edges of the 11 µm long hBN
nanosheet for ns = 10 is calculated to be 4.7 MPa
increasing to 9.4 MPa when εm is 0.05% and 0.1%,
respectively. In the case of a graphene monolayer
a maximum value of τ i at 0.4% applied strain was
found to be only ∼2.3 MPa [40], confirming the
better stress transfer for the hBN nanosheet on the
polymer substrate.
When εm is increased up to 0.15% (figure 3(h)),
an approximate linear strain variation develops from
the edges to the centre of the flake, up to ∼3.5 µm
from the edges. It is found that shear-lag theory can
no longer be used to fit the strain variation at both
edges of the flake, but it still can be fitted in the centre
of the flake (red dashed line), where the strain in the
flake keeps almost constant at around 0.15%. This
situation is analogous to the partially-debonded situ-
ation in the single fibre pull-out test [51], where inter-
facial failure starts at the edges of the reinforcement
and propagates gradually to the centre of the fibre. In
our case, it appears that the BNNS/polymer interface
has started to fail at the edges of the nanosheet but
continuous interfacial debonding has not reached the
centre of the flake at this stage. Stress is transferred
by interfacial friction [52] along the failed interface
and the value of τ i in this region can be determined
from the slope of the linear fit (blue dashed line) in






which gives a value of 4.3 MPa of τ i at edges of the
flake.
When the strain is increased further to 0.3%, it
is found that the BNNS/polymer interface has com-
pletely failed as shown in figure 3(i). In this case the
strain linearly increases from the edges to the centre
of the flake up to only ∼0.15% strain (much smaller
than εm) and dips in themiddle of the flake. This sug-
gests that the interfacial debonding has reached the
centre of the flake and stress transfer throughout the
nanosheet is taking place through interfacial friction.
In this case, the value of τ i for the failed interface is
estimated to be 3.8 MPa. This can again be contras-
ted with the behaviour of a graphene monolayer [40]
where a value τ i of only 0.3–0.8 MPa was determined
for a failed interface at 0.6% applied strain confirming
the better stress transfer for the BNNSs.
4. Conclusions
Stress transfer both between the individual layers
within exfoliated hBNnanosheets and between a hBN
nanosheet and a polymer substrate has been fol-
lowed through the use of Raman spectroscopy. Over-
all, it has been demonstrated that the efficiency of
stress transfer both between the individual hBN lay-
ers in the nanosheets and between the nanosheets
and the substrate is better for BNNSs than for mono-
or multi-layer graphene. The efficiency of interlayer
stress transfer is 99% for hBN nanosheets compared
with around 70% for multilayer graphene. The crit-
ical aspect ratio for stress transfer to the substrate is
only∼350 for BNNSs comparedwith >104 formono-
layer graphene implying that better stress transfer to
the substrate can be achieved with hBN nanosheets.
The implication of this study is that BNNSs should
also give rise to better reinforcement in nanocom-
posites than exfoliated graphene nanosheets as long
as the BNNS/polymer interface remains intact. Also,
it is less important to achieve a high degree of exfo-
liation to very thin nanosheets, when using hBN in
nanocomposites, than in the case of graphite and
graphene.
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